Far-infrared (FIR)-radio correlation is a well-established empirical connection between continuum radio and dust emission of star-forming galaxies, used as a tool in determining star-formation rates. Here we point out that in the case of interacting star-forming galaxies this tool might break. Galactic interactions and mergers have been known to give rise to tidal shocks and disrupt morphologies especially in the smaller of the interacting components. Moreover, these shocks can also heat the gas and dust and accelerate particles leading to tidal cosmicray population in addition to standard galactic cosmic rays. Both heating and additional non-thermal radiation will obviously affect the FIR-radio correlation of these systems. To test this hypothesis we have analyzed a sample of 43 infrared bright star-forming interacting galaxies at different merger stages. We have found that their FIR-radio correlation parameter and radio emission spectral index vary over different merger stages and behave as it would be expected from our tidalshock scenario. Important implications of breaking the FIR-radio correlation are discussed.
INTRODUCTION
It has long been known that there is a tight correlation between far-infrared (FIR) and radio luminosities in star-forming galaxies (van der Kruit 1971; Helou et al. 1985; Condon 1992; Yun et al. 2001 ). This correlation has been shown to hold over almost five orders of magnitude for galaxies, not just at local redshifts ), but also for redshifts from 0 to 2 including various types of galaxies with different morphological structures and luminosities (e.g. Ibar et al. 2008; Ivison et al. 2010; Sargent et al. 2010) . The underlying physical reason behind the FIR-radio correlation is not fully understood (see e.g. Voelk 1989; Helou & Bicay 1993; Lacki et al. 2010; Schleicher & Beck 2013) . However it is thought to be due to the ongoing star-formation -dust in star-forming galaxies is emitting in the FIR band the light absorbed from the massive young stars, while on the other hand radio emission is coming from synchrotron radiation of galactic cosmic-ray (GCR) electrons accelerated in supernova remnants. Consequently, FIR-radio correlation has been proven to be a powerful tool for determining star-formation rates (Condon 1992) .
Despite numerous studies that have claimed that FIR-radio correlation is relatively stable (Sargent et al. 2010; Bourne et al. 2011) , there are also several contemporary observations both at low and high-redshifts which have shown that the tight linear FIR-radio correlation varies in the case of galaxies in rich clusters (Murphy et al. 2009; Randriamampandry et al. 2015) , but also for distant starburst galaxies (Sajina et al. 2008) , and distant sub-mm galaxies (SMGs) which were found to be radio brighter with respect to the local FIR-radio correlation (Kovács et al. 2006; Magnelli et al. 2010; Smolcic et al. 2014 ).
Shock waves that arise during galactic interactions (mergers and close fly-bys) have been known to impact the star-formation history of interacting galaxies by triggering starformation and even leading to a starburst phase (see e.g. Sanders & Mirabel 1996) . It was pointed out that tidal shocks that accompany these interactions can give rise to a population of tidal cosmic rays (TCRs) that can have a potentially significant impact on nucleosynthesis of light elements such as lithium, but also on galaxy in general (Prodanović et al. 2013 ). Due to its nature, it is clear that the presence of such cosmic-ray population will also result in an enhanced radio emission (Prodanović et al. 2013) impacting the consistency of FIR-radio correlation and possibly leading to its breaking, with important and far-reaching implications, especially for star-formation rate measurements.
In this work we explore the effect that the presence of tidal shocks might have on the FIR-radio correlation in interacting star-forming galaxies and test this hypothesis on a small sample of interacting systems. We also discuss the cases of M51 and NGC 5256 as two potentially very promising examples of these effects.
FIR-RADIO CORRELATION IN INTERACTING GALAXIES
The FIR-radio correlation is described using the q IR parameter (Helou et al. 1985) as
where S 1.4 is the continuum radio emission flux at 1.4 GHz per frequency such that S 1.4 ∝ ν −α and α is the radio spectral index, positive in vast majority of sources. F FIR is the restframe FIR dust emission flux. Yun et al. (2001) analyzed the sample of 1800 IRAS galaxies estimating this value to be q IR = 2.34 ± 0.01 with a standard deviation of 0.25 dex. Though it is generally considered (Sargent et al. 2010 ) that this correlation does not evolve with redshift, the value measured in the few samples where radio-loud active galactic nuclei have been excluded was found to be more than 10% lower Sajina et al. 2008) .
In this work we point out one possibly very important effect that would lead to breaking of the FIR-radio correlation which would especially be important at higher redshifts. As galactic interactions can give rise to tidal shocks in the interstellar medium of interacting galaxies, they can consequently give rise to a cosmic-ray population, in addition to normal GCRs, which will result in additional radio emission. Such an enhancement in radio flux would impact the FIR-radio correlation and would be even more important at higher redshifts, with increased rate of galactic interactions compared to low-redshift Universe.
Unlike GCRs, cosmic rays accelerated in tidal shocks due to close galactic fly-bys would result in an excess of non-thermal emission in gamma-rays and radio band that is not immediately accompanied by the corresponding increase in star-formation rate (Prodanović et al. 2013) . Therefore the most promising way for identifying the presence of TCRs is to observe galaxies in early (mid) merging stages (merging stage 3 according to Haan et al. 2011, classification scheme) . Finally, if the interstellar medium of a galaxy is being impacted by tidal shocks, one would also anticipate additional heating of the gas and dust, compared to what would normally be expected due to the ongoing star-formation, again, provided that the system is observed in an sufficiently early merging stage. With these additional sources of non-thermal and thermal radiation it is clear that FIR-radio correlation would consequently be affected in such a way so that the normal FIR-radio parameter q IR = q A IR is not equal to that same parameter q A IR but where there is a presence of an additional cosmic-ray population such are for example TCRs. More specifically, if there are tidal shocks present due to galactic interactions and consequently a TCR population, then the expected parameter would be
where F TS FIR is the additional FIR flux of dust coming from tidal shock heating, while S TS 1.4 is the additional radio flux from TCR electrons. From this it is clear that in general q IR > q T IR . If non-thermal radio emission from TCRs can be neglected, while the extra heating due to tidal shocks cannot be neglected, then we will have q IR < q T,h IR where such increase in the FIR-radio parameter would be accompanied with a shallower (harder) spectral index α < 0.8, compared to the typical value α ≈ 0.8 (Condon 1992 ) observed in radio, reflecting a more thermal emission. This would be expected from the very early stages of galactic interactions where tidal shocks form in the ISM and start heating the dust and the gas but where cosmic-rays have not yet been sufficiently accelerated.
Assuming an average supernova explosion energy of 10 51 erg, of which 10% goes to particle acceleration, which we assume happens in the strong shock limit, differential number of particles accelerated in one supernova remnant is dN cr /dE = 3 × 10 51 E −2 GeV −1 . From this we can estimate that, in the case of the Milky Way where supernova rate is ∼ 1/50 yr (Tammann et al. 1994) , one supernova injects a cosmic-ray flux of about Φ cr,SNR ∼ 10
Comparing this to the cosmic-ray flux observed at Earth Φ cr = 1.8E −2.7 cm −2 sr −1 s −1 GeV −1 (Alcaraz et al. 2000) , we can estimate that it takes about ∼ 10 5 supernova events to reach the observed cosmic-ray flux at GeV energies assuming the close-box scenario. Even though this estimate is for the Milky Way, it should hold in any other star forming galaxy provided that galactic cosmic-ray flux and supernova rate are direct reflections of the star-formation rate in that system. Therefore, in order for tidal shocks to result in cosmic-ray flux greater than already present GCR flux, their input needs to be equivalent to about 10 5 supernova events. Assuming that particles are efficiently accelerated in supernova remnants up to the radius of ∼ 10 pc (Berezhko & Völk 2004) , the total volume of gas shocked by 10 5 supernova events is ∼ 3 × 10 5 pc 3 . Thus, in order for tidal shock to sweep over the same volume, it needs to go up to the radius of about 0.47 kpc for a galactic disk of thickness 0.6 kpc, for which it would take about 5 million years, assuming a radial shock with velocity ∼ 100km/s. From this we can roughly estimate that this early stage where non-thermal emission due to TCRs can be neglected, would last during the first few million of years.
If we consider the other extreme -where additional heating of dust and gas due to tidal shocks can be neglected, i.e. if it is sub-dominant to F FIR we will have q
and such decrease in FIR-radio parameter would be accompanied with a steeper (softer) spectral index α > 0.8, compared to the typical value observed in radio, reflecting a more non-thermal emission. This would be expected from later stages of galactic interactions where star-formation has been triggered, and there is additional heating of the gas and dust due to new stars so that tidal shock heating can be neglected, but increase in GCRs flux is not yet important, implying there is still an excess in cosmic-ray flux due to TCRs. Assuming that tidal shocks have triggered the star-formation, this later stage would happen at the timescale of stellar contraction and formation, that is, this stage would begin at least tens of millions of years (roughly the lifetime of massive stars) after the formation of tidal shocks. Finally we note that at higher redshifts timescales and durations of each phase would be different due to lower concentration of dust and lower metallicity. 
Analysis of The Sample of Interacting Galaxies
As described, what would eventually be expected from this assumptions is the dependance of the FIR-radio parameter q IR on the merger stage of interacting galaxies, in such a way that early in the interaction this parameter would have larger than the average value for the non-interacting star-forming galaxies, after which it would decrease to become lower than the average value and then again increase. To test this we have analyzed the sample of 43 IR bright galaxies found in data sets from Dopita et al. (2002) and Murphy (2013) . Data set presented in Murphy (2013) were drawn from IRAS revised Bright Galaxy Sample (Sanders et al. 2003) . Galaxies in this sample were chosen to have 60µm flux densities larger then 5.24 Jy and FIR luminosities ≥ 10 11.25 L ⊙ . Taking into account that origi-nal Dopita et al. (2002) data set consists of two studies (Kewley et al. 2001; Corbett et al. 2002) where different lower limit for FIR luminosities was chosen, our sample used in this work satisfies the overall criteria -that all chosen galaxies are IR bright with 60µm flux densities larger than 2.5 Jy and have IR luminosities ≥ 10 10.5 L ⊙ . We have excluded all sources classified as active galactic nuclei in original data sets. Also, we should note that galaxies presented here have well sampled radio spectra from 1.4 to 8.4 GHz, but for bulk of sources both lower and higher radio-frequency data are available. Where needed, we have calculated the rest frame FIR flux following Sanders & Mirabel (1996) . Merger stages have been defined following Haan et al. (2011) . On Figure 1 we plot FIR-radio parameter q IR as a function of the merger stage for this sample of IR bright interacting galaxies. Though statistics is limited, what we see is that only for stage 4 mergers the average value of the FIR-radio parameter seems to be consistent with typical q IR = 2.34 while average values for other merger stages deviate from standard value. What it appears is that systems in close fly-bys, in the pre-merger stages, have higher than average values of q IR , which then decreases toward later merger stages and reaches the minimum value at merger 3 systems, after which it increases again. This trend is consistent with what would be expected if the merger events have caused tidal shocks to form which resulted in cosmic-ray acceleration and additional heating of gas and dust, as previously discussed.
The evolution of the FIR-radio parameter q IR with respect to the merger stage would also be accompanied with the corresponding evolution in the radio spectral index, such that ongoing mergers would be expected to have α T > α = 0.8 along with q T < q = 2.3. This trend is actually seen on Figure 2 where we have plotted radio spectral index α as a function of the FIR-radio parameter q IR . The upper left quadrant of the plot where q IR is lower than typical (dashed line) and radio spectral index is higher than typical (dashed line), corresponding to increased non-thermal emission, is dominated by merger stage 3 and 4 systems. On the contrary, the bottom right quadrant with q IR is higher than typical and radio spectral index is lower than typical, corresponding to a more thermal emission, is dominated by late merger stages 4 and 5, as expected.
Example Cases: M51 and NGC 5256
In the context of this paper, here we wish to briefly discuss two example cases of interacting galaxies in merger stage 3, pointing out some of their observed properties and peculiarities consistent with the tidal-shock scenario proposed in this work.
Whirlpool galaxy, M51 (or NGC 5194), is one of the widely studied interacting spiral galaxies. Recent PdBI Arcsecond Whirlpool Survey (PAWS) (Schinnerer et al. 2013 ) re-vealed the presence of additional cosmic ray emission in spiral arms of the NGC 5194 where low rate of ongoing star formation is present. The smaller companion, NGC 5195, was found to have low content of ionized gas (Thronson et al. 1991 ) and low gas fraction in general, indicating no ongoing star formation (Bigiel et al. 2008) , however, it has uncharacteristically high dust temperature (Mentuch Cooper et al. 2012) considering weak AGN in the center. Mulcahy et al. (2014) observed the NGC 5194 in a low (151MHz) frequency regime. Region between the smaller companion and the northern arm of NGC 5194 is clearly seen in their image, and has very little IR emission (Dumas et al. 2011) . Also, the 151MHz image clearly shows that the northern spiral arm continues far from the optical arm to the left side of the satellite galaxy. These results might imply that cosmic-ray electrons are injected locally by shock waves generated in tidal interaction.
A IR bright galaxy NGC 5256 is classified as starburst. It consists of a pair of galaxies, comparable in size and scale (Petrosian et al. 1980 ) with projected separation between their nuclei of around 8 kpc. It has a very low q IR value (q IR =1.90), and recent multi-wavelength studies (Mazzarella et al. 2012 ) uncovered several interesting features of these luminous IRgalaxies: (a) The optical morphology of the NGC 5256 north-east nuclear environment is similar to the radiative shock observed south of the nucleus of M51; (b) NGC5256 as a system can not be treated as Taffy-like (Condon et al. 2002) due to lack of H 2 gas in the bridge between two galaxies and because the bridge of CO(1 − 0) emission is spatially decoupled from the radio continuum emission; (c) Steeper radio index is observed not only in the region in between galaxies, but also close to the edges of both components (see radio maps in Vardoulaki et al. 2015) ; (d) Spectral energy distribution (SED) of NGC 5256 can be modelled as a starburst-dominated, however compared to galaxies with the same SED description (for example, NGC 2623 or NGC 6240), but different merging stage, the NGC5256 shows evidence of higher dust temperatures; (e) a soft X-ray emission extending 15 kpc to the north of the system, between the nuclei, was observed (Brassington et al. 2007) , revealing the presence of shock heated gas indicating that corresponding synchrotron radio emission is shock-induced.
DISCUSSION AND CONCLUSION
In this paper we wanted to explore and draw attention to important effect that closegalactic interaction and mergers can have on the stability of the widely-used FIR-radio correlation. We have started with the hypothesis that close galactic interaction can lead to gas and dust heating and particle acceleration in tidal shocks giving rise to a tidal cosmic-ray population which would impact the infrared and radio emission of the interacting galaxies by causing variations in the FIR-radio parameter q IR and radio spectral index over different merger stages. We have then analyzed the sample of 43 IR bright interacting galaxies in different merger stages, looking at how their FIR-radio parameter and radio emission spectral index change for different merger stages. What we have found is that q IR first decreases during early merger stages, and then later increases, which is consistent with what would be expected if the heating of the gas with tidal shocks is the dominant effect at early stages, followed by the phase where tidal cosmic-ray emission dominates over the existing GCR emission, ending with the enhanced star-formation taking this correlation parameter back to its typical value. Our results are also consistent with the recent study done by Murphy (2013) who has done a similar analysis on a sample of interacting galaxies but assuming shock acceleration only in the bridge (Lisenfeld &Völk 2010) as the underlying cause of breaking of the FIR-radio correlation in interacting systems.
If tidal shocks and cosmic-ray acceleration are the underlying reason for merging and interacting galaxies to deviate from the well-established FIR-radio correlation this can be used for high redshifts to search for interacting systems and test our understanding of high redshift interaction rates. Moreover, breaking of the FIR-radio correlation in the case of interacting systems could have important consequences for determination of star-formation rates (Yun & Carilli 2002; Bell 2003; Carilli et al. 2008; Dunne et al. 2009 ), impact of which will be discussed in the follow-up paper in more detail.
In order to determine if indeed interacting systems deviate from the well-established FIR-radio correlation and how, a larger sample of bright IR galaxies along with radio data has to be analyzed. The data available from surveys such are COSMOS and CANDELS along with the upcoming data from ALMA will provide a perfect testing ground for this. For example, CANDELS survey is using deep near-IR imaging to reveal morphological classifications of distant IR-bright galaxies, and directly counts the number of interacting pairs up to (z ∼ 2), while COSMOS survey uses interferometric follow-up observations of distant dusty star-forming galaxies to redshifts even greater than z ∼ 4. With ALMA it would be possible to resolve these dusty galaxies into individual pairs for a large sample of radio faint SMGs. Combining different radio maps it would be possible to determine spectral indices of distant SMGs, and trace the FIR-radio correlation for a large sample of SMGs free from the biases. Finally, since the effects of tidal shocks would be most pronounced in the smaller of the interacting components for which very little data is currently available, it would be important to observe best candidates of those smaller galaxies especially in radio and IR domains.
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